0.5°, 9.2°) and anterior pelvic tilt (4.1°; 95% CI: 0.9°, 7.3°) than individuals without hip pain. Across groups, female participants performed the task with more hip flexion (6.1°; 95% CI: 1.7°, 10.4°), hip adduction (4.8°; 95% CI: 2.2°, 7.4°), anterior pelvic tilt (5.8°; 95% CI: 2.6°, 9.0°), pelvic drop (1.4°; 95% CI: 0.3°, 2.5°), and thigh adduction (2.7°; 95% CI: 1.3°, 4.2°) than male participants.
F
emoroacetabular impingement syndrome (FAIS) classifies individuals presenting with hip pain that, in combination with structural hip morphology, is thought to contribute to premature contact between the proximal femur and acetabulum. 22 The opment of hip osteoarthritis. 2, 54 The risk with pincer morphology, however, is still debated, with recent studies reporting no elevated risk of osteoarthritis. 3, 54 Despite agreement that FAIS is a "motion-related" disorder, 22 research on FAIS has primarily focused on the differences in bony morphology, with less attention given to altered movement in the presence of cam or pincer morphology and no attention given to the interaction between the type of morphology and the altered movement. The few published gait studies in individuals with FAIS have reported inconsistent results at the hip and pelvis. These results vary from no difference in kinematics 37 to decreased hip excursion in the sagittal plane 15, 35, 53 and frontal plane 35, 53 in individuals with FAIS compared to individuals without hip pain. The decreased sagittal plane excursion may be from decreased hip extension 29 or decreased hip flexion. 53 The decreased frontal plane excursion likely is from decreased hip abduction, 27 ,35,53 although 1 study reported decreased hip adduction. 29 It is unclear why these alterations during gait occur, as they would not affect theorized positions of impingement. Deep bilateral squat is a more demanding task than walking, yet with this movement, the CARA L. LEWIS, PT 20, 30 Cam morphology has been linked to an increased risk for the devel-only findings have been increased hip adduction, 37 decreased sagittal plane pelvic excursion, 39 and decreased posterior pelvic tilt. 6 The limited differences between individuals with FAIS and individuals without hip pain suggest that these tasks may not be sufficiently challenging for detecting altered movement at the hip.
Dynamic unilateral activities that challenge the neuromuscular control of the hip in multiple planes of motion may be more appropriate for detecting deficits than bilateral tasks. 44 Stair climbing has been reported in 2 studies, with mixed results. Hammond et al 24 noted that individuals with FAIS ascended stairs more slowly and displayed more trunk flexion (measured relative to the pelvis) than individuals without FAIS. In contrast to the findings of no differences in hip motion by Hammond et al, 24 Rylander et al 53 reported reduced sagittal plane hip motion, primarily due to reduced extension, and reduced peak hip internal rotation in individuals with FAIS compared to healthy individuals. Additionally, they found increased transverse plane pelvic motion and increased peak anterior pelvic tilt in individuals with FAIS, and these alterations remained following arthroscopic osteochondroplasty to address hip morphology, 53 indicating that correcting the hip morphology was insufficient to normalize the movement pattern. These findings also highlight the importance of evaluating more challenging unilateral tasks than level walking.
A confounding factor to consider when evaluating movement is the substantial evidence of sex-specific movement-pattern differences during unilateral tasks such as single-leg landing, 31, 57 single-leg squat, 21, 46, 61, 63 and single-leg step-down. 17 For example, during the single-leg step-down task, Earl et al 17 noted that females performed the task with more hip adduction and knee abduction than males. Given these noted movement-pattern differences in healthy individuals, it is important to assess sex-specific movement patterns when evaluating unilateral tasks in a patient population, such as those with FAIS, to determine a potential interaction between the condition and sex.
The purpose of this study was to determine whether pelvic and lower extremity movement patterns in individuals with FAIS are different from those in individuals without hip pain during a single-leg step-down task. The secondary purpose was to analyze differences in the kinematics between male and female participants in both the FAIS and comparison groups during this task. We hypothesized that individuals with FAIS would have different pelvic and hip movement patterns from those in individuals without hip pain, and that these differences would be sex specific.
METHODS

Participants
I
ndividuals with FAIS were recruited through area orthopaedic and rehabilitation clinics between January 2011 and December 2016. To be included in the FAIS group, individuals needed to have been diagnosed with unilateral or bilateral cam, pincer, or mixed morphology by a physician based on clinical presentation, physical examination, and imaging. Additionally, individuals had to report having pain for longer than 2 weeks and had to have their hip pain reproduced with at least 1 of 3 provocative tests: (1) flexion, adduction, internal rotation (FADIR) test; (2) flexion, abduction, external rotation (FABER) test; and (3) resisted straight leg raise (SLR). For the FADIR test, which is also called the anterior impingement test, the hip was passively flexed to 90° and then adducted and internally rotated. 20 For the FABER test, the hip was passively positioned in flexion, abduction, and external rotation, with the foot of the tested leg on top of the contralateral knee. 60 For the resisted SLR, the leg was passively positioned in 30° of hip flexion, with the knee extended. 43 The participant was then asked to keep the leg in that position without assistance and to continue to hold the position as resistance was applied at the distal leg. Each test was considered positive when the test reproduced the individual's pain. These 3 tests are sensitive for intraarticular hip pathology. 43, 50 Individuals in the comparison group were recruited through flyers, postings, and word of mouth. Exclusion criteria included current or recent (within the last 2 months) lower extremity injury, history of substantial lower extremity injury/surgery, and history of hip pain. Additionally, potential participants in the comparison group were excluded if they reported any hip or groin pain during any of the provocative tests (FADIR, FABER, and resisted SLR) or during any of the movement tasks. Although we did not assess morphology in these individuals, the absence of pain during the provocative tests or movement tasks eliminates the diagnosis of FAIS, even in the presence of cam or pincer morphology.
General inclusion criteria for both groups included being between 14 and 50 years of age and being able to walk safely for 10 minutes without assistance. Exclusion criteria for both groups included history of neurological disorder, history of lower extremity or back surgery, or current back, knee, or ankle pain.
The study was approved by the Institutional Review Boards of Boston University and Boston Children's Hospital, and all individuals provided written informed consent prior to participation.
Instrumentation
Three-dimensional kinematic data of the trunk, pelvis, and lower extremities were collected using a 10-camera motioncapture system (Vicon; Oxford Metrics plc, Oxford, UK) sampling at 100 Hz. Forty-two spherical, retroreflective markers (14-mm diameter) were placed over bony landmarks on the trunk and pelvis and bilaterally on the lower extremities as previously described. 41 Plastic shells that contained 4 noncollinear markers each were positioned laterally over the thighs and shanks and attached via neoprene wraps and hook-and-loop fasteners.
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Questionnaires
Participants completed self-report questionnaires consisting of the University of California at Los Angeles (UCLA) activity score, 4 the modified Harris Hip Score (mHHS), 9 and the Hip disability and Osteoarthritis Outcome Score (HOOS). 36 The mHHS scores can be interpreted as 90 to 100, excellent; 80 to 89, good; 70 to 79, fair; and below 70, poor. 36 The Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) was scored from the HOOS, which contains all the WOMAC questions. 47 While the mHHS and the HOOS activities of daily living (ADL) subscale do have ceiling effects when used in this patient population, 34 they are both reliable and have acceptable construct validity. 34 Additionally, these self-report measures have been used extensively in the FAIS literature. 24, 25, 29, 35, 38, 39, 55, 56 
Experimental Protocol
Participants wore a tight-fitting shirt, spandex shorts, and their own comfortable exercise shoes. After placing the reflective markers on the participant, participants performed a static standing trial in a neutral posture. For this trial, the participant stood upright facing straight forward, with feet shoulder-width apart and shoulders in approximately 90° of abduction. A model that included joint centers for the hips and knees was created using this trial. The medial ankle and knee markers were removed after the static trial so that they did not affect the movement.
Movement Analysis
Participants were instructed to stand with both feet on a 16-cm box, with their arms by their sides. They were asked to shift their weight onto 1 limb and hold their nonstance limb out in front of the box, then to lower themselves in a controlled manner until the heel of the nonstance limb contacted the floor, then to return to the starting position. A metronome at 60 beats per minute was used to help standardize movement speed. Participants were instructed to move "down on a beat and up on a beat." While participants were given feedback if moving too slowly or too quickly, strict adherence to the metronome was not enforced. The step-down task was demonstrated and participants had an opportunity to practice prior to data collection. Five trials were collected of individual repetitions on each side. If the participant experienced a loss of balance during a trial, as indicated by substantial arm, trunk, or leg movement, contacting the ground with the nonstance leg in an uncontrolled manner, or performing the task with a jerky, noncontinuous motion, then the trial was not included in the analysis. Following each individual repetition of the task, all participants rated any pain they had in the hip or groin region on an 11-point numeric rating scale, with 0 being no pain and 10 being the worst imaginable pain. 16 
Data Processing
Marker trajectories were low-pass filtered using a 6-Hz, fourth-order Butterworth filter. 51 Commercially available software (Visual3D; C-Motion, Inc, Germantown, MD) calculated the joint kinematics from the marker trajectories using an 8-segment hybrid model. Instead of using the Visual3D pelvis, the CODA pelvis 12 model was used to define the pelvis, 8 as palpation of the anterior superior iliac spine and posterior superior iliac spine was possible in this non-obese population. Pelvic, thigh, and shank segment angles were determined with respect to the global coordinate system. Knee and hip joint angles were defined as the angle between the distal segment and the proximal segment using a Cardan x-y-z (mediolateral, anteroposterior, vertical) rotation sequence. 13 Hip and knee joint angles and pelvic, thigh, and shank segment angles in the sagittal and frontal planes were extracted at 60° of knee flexion during the descent phase for each trial and averaged for each participant to produce the dependent variables. As 60° of knee flexion has been proposed as the depth criterion for a "good" single-leg squat, 14 we selected this same angle for our point of analysis. We have previously demonstrated that adjusting step height based on the individual's leg length or height is not required when analyzing data at the same knee angle for all individuals. 41 
Statistical Analysis
A sample-size calculation was performed for group differences in hip flexion angle based on preliminary data from our laboratory, which suggested a group difference of 9° and standard deviation of 9° during a step-down task. The calculation indicated that for statistical power of 0.80 and an alpha of .05 for the primary aim a minimum of 16 participants per group were needed.
Group composition was assessed using chi-square tests for categorical variables, independent-samples t tests for continuous variables, and MannWhitney U tests for ordinal variables to ensure that groups did not differ in terms of sex, age, body mass index, or activity level. We used linear regression analysis with 2 between-subject factors (group, sex) and 1 within-subject factor (side). For FAIS participants, the more painful side was defined as the side that the participant stated had worse symptoms. The contralateral side was then considered the less painful side, whether symptoms were bilateral or unilateral. For participants without hip pain, the more painful side was randomly assigned. As each side was included in the analysis, a generalized estimating equation (GEE) correction was applied to the model. The GEE approach is similar to the more commonly used repeated-measures analysis of variance, but has higher power and is more robust. 42 We analyzed the main effects of group (FAIS versus comparison), sex, and side, a 2-way interaction of sex by group, and a 3-way interaction of sex by group by side. A separate GEE was performed for each variable of interest. Least-significantdifference pairwise comparisons were performed if a significant effect was found. All analyses were run in IBM SPSS Statistics Version 20 (IBM Corporation, Armonk, NY), and an alpha level of .05 was used for all comparisons. Individuals with FAIS scored lower on the mHHS, all subscales of the HOOS, and the WOMAC (TABLE 3) than individuals without hip pain. While the average mHHS score for the FAIS group for the more painful side was in the fair category, 9 there was a wide range (34.1-95.7) of scores. Of the 19 participants with FAIS with an mHHS score, 3 had excellent, 7 good, 1 fair, and 8 poor (a score of below 70) function and pain ratings. During the step-down task, the average ± SD pain rating for the FAIS group was 1.7 ± 1.9 (range, 0-6.3) on the more painful side and 0.5 ± 1.0 (range, 0-4) on the less painful side.
RESULTS
T wenty individuals with FAIS and
Individuals in our study participated in a variety of sporting activities. Seventeen of the 20 individuals with FAIS reported participating in competitive sports in the past 12 months. The level of participation ranged from recreational to elite. Running and soccer were the 2 most frequently reported activities. Other activities included baseball, basketball, CrossFit, cycling, ice hockey, lacrosse, military service, rowing, rock climbing, rugby, skiing, softball, tennis, ultimate, volleyball, and yoga. Of the 40 individuals without hip pain, information about participation in competitive sports was available for 25 individuals. Ten of these 25 individuals in the comparison group reported participating in competitive sports at the recreational to college levels in the past 12 months. Running was the most commonly reported activity. Individuals also participated in the following sports: basketball, broomball, cycling, gymnastics, skiing, soccer, softball, tennis, track, triathlon, and weightlifting. Despite the differences in the proportions of individuals participating in competitive sports, the UCLA activity score, which was available for 19 of 20 individuals in the FAIS group and all 40 individuals in the comparison group, was not different between groups (U = 376, P = .95), and 58% of individuals in each group participated in impact sports either sometimes or regularly.
Group Comparison
The 3-way interaction of sex by group by side was significant for knee abduction angle (Wald χ 2 = 8.65, P = .034) ( 19 Altered neuromuscular control and strength are both impairments that are modifiable through rehabilitation. 48, 62 Our finding of increased anterior pelvic tilt in individuals with FAIS is consistent with results of other studies. Rylander et al 53 noted increased peak anterior pelvic tilt during stair climbing in individuals with FAIS. During the bilateral deep squat, Lamontagne et al 39 reported decreased pelvic tilt excursion in individuals with FAIS compared to individuals without hip pain, and Bagwell et al 6 noted decreased posterior pelvic tilt motion, resulting in 10.9° more anterior pelvic tilt at peak hip flexion. Similarly, Azevedo et al 5 found decreased posterior pelvic tilt during active unilateral hip flexion in standing in individuals with FAIS compared to individuals without hip pain and individuals with other symptomatic hip conditions. However, in contrast to our results, none of these studies found differences in hip flexion angle. This could be due to differences in task or analysis point. In our study, a single-limb controlled-descent task may challenge the hip more than a bilateral task. 17, 44 Additionally, in our study, as the step-down was performed from a single height (16 cm), the task had a predetermined end point and the analysis was conducted for a standard 60° knee flexion angle. This is in contrast to the bilateral squat used in other studies, where individuals without pain achieved a lower squat depth than individuals with FAIS. 6, 39 Increased anterior pelvic tilt may contribute to the development of pain in the presence of cam or pincer morphology. A modeling study by Ross et al 52 demonstrated that increased anterior pelvic tilt leads to simulated bony contact earlier in the flexion motion than when in a neutral pelvis position. Similarly, increased posterior pelvic tilt led to later simulated bony contact. The simulation study suggests that addressing increased anterior pelvic tilt could reduce impingement in individuals with the bony morphology of FAIS. [ research report ]
Sex Differences
Our data indicate that both females with FAIS and females without hip pain performed the step-down task with more hip flexion and hip adduction than males. The increased hip flexion was primarily due to increased anterior pelvic tilt, while the increased hip adduction was due to both increased pelvic drop and increased thigh adduction. Similar sex-specific differences in movement patterns during a single-leg step-down task were reported in a study by Earl et al, 17 which found that females performed the task with greater hip adduction and knee abduction than males.
The sagittal plane sex differences, while present in both groups, were more pronounced in the FAIS group than in the comparison group, despite the interaction not being statistically significant. The difference between males and females in hip flexion was 9.3° in the FAIS group and only 2.9° in the comparison group. At the pelvis, the sex difference in the FAIS group was 7.8°, while the difference in the comparison group was 3.8°. This is in addition to the sex difference in the thigh segment of 1.8° in the FAIS group and -1.1° in the comparison group. This finding indicates that females with FAIS may have slightly different movement patterns than males with FAIS. This may also indicate that the females with FAIS were the primary contributors to the group differences detected.
The relationship between sex, type of FAIS morphology, and movement pattern is unknown. It was once thought that pincer morphology was more common in females and that cam morphology was more common in males. 49 The majority of our FAIS participants, however, had cam morphology, with only 2 females having isolated pincer morphology. This is more consistent with a recent multicenter study, which indicated that cam was the predominant morphology in both sexes. 11 Given our participant distribution, we were unable to test the interactions between sex, type of morphology, and movement pattern. We did, however, perform an analysis including only individuals with cam FAIS compared to individuals without hip pain. Although not powered to adequately investigate the question, this analysis indicated that at 60° of knee flexion during the step-down, females with cam FAIS were in more hip flexion and anterior pelvic tilt compared to males with cam FAIS and compared to males or females without hip pain. This preliminary finding highlights potential sex-specific movement-pattern differences within a single type of FAIS.
While sex-specific differences have not been assessed in movement studies of individuals with FAIS, they have been noted in other aspects of the syndrome. 23 Females have poorer presurgical selfreported function than males. 32 Females with FAIS have smaller or less severe cam lesions than males with FAIS. 7, 26 This finding led Hetsroni et al 26 to comment, "In women, cam lesions may be more subtle." In contrast, our findings suggest that the increased hip flexion in females with cam FAIS, combined with the increased hip adduction common to all females, may cause a smaller cam to be more symptomatic than in males with cam FAIS. These findings highlight the importance of conducting sex-specific analyses when investigating movement patterns in individuals with FAIS.
For the main effects of both group and sex, the differences at the hip, combined with the lack of differences at the knee, suggest that motion of the pelvis is the primary contributor to the noted differences. This assertion is further supported in that the pelvic segment angles are more disparate than the thigh segment angles. These findings highlight the need to closely examine pelvic motion in both research and rehabilitation.
The question of compensation versus causation is always of interest when a difference in movement pattern is noted; however, cross-sectional studies, such as the present one, cannot definitively answer that question. We can only theorize given our current understanding of the clinical diagnosis of FAIS. It seems unlikely that increased hip flexion and anterior pelvic tilt are beneficial in the presence of altered bony morphology that impinges with hip flexion. Instead, it is more plausible that the altered movement pattern is a modifiable contributor to the symptoms. Based on the pain theory by Hodges and Tucker, 28 it is plausible that the altered movement was once beneficial, but now has negative consequences. Regardless of its origin, this movement pattern may be a modifiable clinical target. Thus, improved control of the pelvis and hip during single-leg dynamic activities should be a focus of intervention for individuals with FAIS.
The present study does have limitations. Specific measurements of the alpha angle and the center-edge angle used to determine bony morphology of the participants with FAIS were not available to us. Instead, we were given the morphological classification (cam, pincer, or mixed) by the orthopaedic surgery group or, in 1 case, by the participant. We also did not conduct imaging studies on our comparison group to determine hip morphology. Some of these individuals without hip pain may have had cam or pincer morphology, as this morphology is often present in asymptomatic individuals, especially athletes. 18 However, to be classified as having FAIS, the individual must also have symptoms and clinical signs, 22 which were absent in our participants in the comparison group. An additional limitation of our group selection was the use of the UCLA activity score, a questionnaire originally intended for patients following total hip arthroplasty. The Hip Sports Activity Scale may be a more appropriate measure for individuals with FAIS. 45 In addition, as type of sporting activity appears to influence hip morphology, 1, 33, 40, 58, 59 matching groups on type of sporting activity, not just activity level, may provide a more appropriate comparison group. As discussed earlier, it is unknown whether the increased hip flexion and anterior pelvic tilt detected in the FAIS group may be contributing to the pathology or may represent an attempt at compensation, but mechanically it is reasonable to suggest that they should be considered modifiable altered movement patterns.
CONCLUSION
T he results of this study suggest that individuals with FAIS have alterations in pelvic motion during a dynamic unilateral task. The increased anterior pelvic tilt may contribute to symptom development in the presence of cam or pincer morphology. In the FAIS group, the sex-specific differences in motion of the hip, pelvis, and thigh may indicate that movement impairments are more pronounced in females than in males. U
KEY POINTS
FINDINGS: Individuals with femoroacetabular impingement syndrome (FAIS) performed a single-leg step-down task with greater hip flexion and anterior pelvic tilt than individuals without hip pain. Across both groups, females exhibited more hip flexion and hip and thigh adduction, as well as more anterior pelvic tilt and pelvic drop, than males during the step-down task; however, these sex differences were more pronounced in the FAIS group than in the comparison group. IMPLICATIONS: The noted altered movement patterns in the FAIS group may contribute to the development of hip pain and may be due to impairments that are modifiable through rehabilitation. CAUTION: This cross-sectional study design cannot definitively answer the question of cause versus compensation. Future studies are warranted to determine the effect that modifying these movement patterns has on symptoms.
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